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Abstract: Power converter is one of the essential elements for effective utilization of 
renewable power sources. This paper focuses on the development of a circuit simulation 
model for solar power maximum power point tracking (MPPT) evaluation with different 
buck-boost power converter topologies including SEPIC, ZETA, and four-switch type 
buck-boost DC/DC converters. The circuit simulation model mainly includes three 
subsystems, namely, a PV emulator model, a buck-boost converter based MPPT system, 
and a fuzzy logic MPPT controller. A buck-boost converter based dual regulation (voltage 
regulation and current regulation) modes PV emulator is built to emulate the characteristics 
of the PV panel. The PV emulator is used to power the MPPT system. The MPPT system 
also contains a buck-boost power converter for power transfer. The maximum power point 
tracking function is achieved through proper control of the power switches of the power 
converter. A fuzzy logic controller is then developed to perform the MPPT function for 
obtaining maximum power from the PV panel. The MATLAB based Simulink piecewise 
linear electric circuit simulation tool is used to verify the complete circuit simulation model. 
Keywords: buck-boost converter, PV emulator, maximum power pointing tracking, fuzzy 
controller 
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1. Introduction 
 
Solar energy is the most abundant resource on earth. Usages of solar energy are widespread in 
industry, commercial, and military applications. It will become one of the primary energy supply 
resources in the future [1, 2]. Effectiveness of the utilization of the solar energy depends on the 
technologies of the solar power management system. Power converter for maximal power point 
tracking (MPPT) and voltage or current regulation is inserted between the solar cell panel and the load 
to control power flow. It directly affects its efficiency and performance of the solar power management 
system. 
To maximize utilization of available solar power drawn from the solar panel and widen the 
application of solar energy, design and application of buck-boost converters are investigated in many 
studies [3-7]. [4, 5] developed buck-boost converters for portable applications. [6] proposed a buck-
boost cascaded converter for high power applications, such as fuel cell electric vehicles. An extensive 
analysis and design of Li-ion battery charging using a four-switch type synchronous buck-boost power 
converter was presented in [7]. In this study, we conduct a comparative study for photovoltaic (PV) 
panel emulation using different buck-boost converter topologies through circuit simulation including 
Zeta, SEPIC (single-ended primary-inductor converter), and four-switch type synchronous buck-boost 
converters.  
MPPT function is usually incorporated in the solar power management system to ensure that 
maximum available power is received from the solar photovoltaic panel. Recently, fuzzy logic 
controller has received an increased attention to researchers for converter control and MPPT design [8-
13]. A reliable and accurate PV emulation model is necessary for accelerating the development of a 
MPPT system. The PV emulation model has to provide well regulated output voltage and current 
according to the characteristics of the PV model. A voltage controlled buck converter based PV 
emulator design is presented in [14]. Design of current controlled buck converter based PV emulator is 
reported in [15]. In [16], an 8-bit microcontroller controller two-switch buck-boost converter based PV 
emulator using piecewise linear approach to represent the PV characteristics is reported. Design of a 
dual-mode power regulator for PV module emulation system is presented in [17]. To avoid switching 
noise and voltage ripple, [17] uses a linear regulator for the power source instead of using switching 
type power converters.  
In this study, we focus on circuit simulation for buck-boost converter based MPPT system. A 
voltage and current controlled dual-mode buck-boost converter based PV emulation system is 
developed first. In this PV emulation system, three buck-boost converter topologies (Zeta, SEPIC, and 
four-switch type synchronous converter) are investigated. Circuit simulations using MATLAB based 
Simulink piecewise linear electric circuit simulation tool (PLECS) are conducted for different load 
conditions. The results show that the proposed buck-boost converter based PV emulation model will 
accurately emulate the characteristics of the PV panel. After the success of the design and circuit 
simulation of the PV emulation system, a SEPIC buck-boost converter based MPPT system is then 
developed using fuzzy logic to perform the MPPT function. The MPPT system is powered by the 
buck-boost converter based PV emulation system. Circuit simulations for the complete buck-boost 
converter based MPPT system are successfully verified in MATLAB/Simulink PLECS environment. 
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2. PV Model 
 
 The widely used single-diode equivalent circuit model to represent the characteristics of PV 
panel for PV system analysis and simulation is shown in Figure 1. The circuit model represents the PV 
panel as a current source phI  in parallel with a single diode and a shunt resistor PR , and a series 
resistor SR . The current PVI  and voltage PVV  from the PV panel is characterized by the following 
equation. 
PV S PV
PV ph D
P
V R I
I I I
R

                                                          (1) 
0
( )
exp 1PV S PVD
q V R I
I I
nAKT
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  
                                                  (2) 
where phI  is the current generated by incident light, DI  is the diode current, 0I  is the reverse 
saturation current, q  is the electron charge ( 191.602 10  C), K  is the Boltzmann constant 
( 231.38 10  J/K), T  is the cell’s operating temperature in Kelvin (K), A  is the diode ideality constant, 
and n  number of diode in series to form the single-diode model. The current source phI  mainly 
depends on the sun light irradiation level and operation temperature of the solar panel.  
 
Figure 1. Single-diode equivalent circuit model 
 
In this study, the Solarex MSX60 PV module is chosen to conduct the design and circuit 
simulation. The key characteristics of the PV panel using parameters listed in [18] are listed in Table 1.  
 
Table 1. Characteristics of the Solarex MSX60 PV panel operate at o20 C . 
Irradiation Level, G 1000 2W/m   
Temperature, T o20 C   
Open Circuit Voltage 21.5 V 
Short Circuit Current 3.788 A 
Voltage, Max Power 17.4 V 
Current, Max Power 3.55 A 
Maximum Power 61.77 W 
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3. Buck-Boost Converter 
 
 The buck-boost converter is capable of converting the supply voltage source to higher and 
lower voltages to a load terminal.  Several commonly used buck-boost converter topologies are shown 
in Figure 2. The Cuk converter in Figure 2(a) is a inverting type power converter (output voltage 
polarity is reversed) while the Zeta, SEPIC, and four-switch type topologies in Figure 2(b)-(d) are non-
inverting buck-boost converters. The voltage at the load terminal is controlled by continuously 
adjusting the duty ratio of the power switch of the buck-boost converter. Since voltage polarity at the 
load end is opposite to that at the source terminal for the Cuk converter, we will only discuss the non-
inverting type buck-boost converter topologies (Figure 2(b)-(d)) in this study. Zeta and SEPIC 
converters contain two inductors, two capacitors, a diode, and a MOSFET power switch. The four-
switch type converter in Figure 2(d) is a synchronous buck-boost converter. It contains an inductor, a 
capacitor, and four MOSFET power switches. The switches 
1Q  and 3Q  work as one group and 2Q  and 
4Q  work as another group. When 1Q  and 3Q  are turned on, the switches 2Q  and 4Q  will be turn off, 
and vice versa. In steady state condition, the output voltage of the non-inverting type buck-boost 
converter is  
1
O S
D
V V
D


                                                                     (3) 
Thus, we can regulate the output voltage to higher or lower than the source voltage through properly 
control the operating duty ratio for the MOSFET power switches. 
 
 
Figure 2. Buck-Boost Converters. (a). Cuk converter, (b). Zeta Converter, (c). SEPIC Converter, (d). 
Four-switch type converter. 
 To investigate the performance of the buck-boost converters, circuit simulation for the non-
inverting type converters (Figure 2 (b)-(d)) powered by ideal voltage source is conducted in 
MATLAB/Simulink environment. The characteristic of the buck-boost depends on the value of the 
inductor and capacitor. The factors which need to be considered for determining the value of the 
inductance include the input voltage range, the output voltage range, the maximum inductor current, 
and the switching frequency. The capacitor is used to maintain a well-regulated voltage. The 
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capacitance depends on the inductor current ripple, the switching frequency, and the desired output 
voltage ripple. For comparison purposes, same parameters are used for all the considered converter 
topologies. The results for power source 20SV  V, the inductor 150 HL  , the capacitor 200 FC  , 
3A load, the duty ratio for power switch 0.6D  , and 100 kHz switching frequency for the power 
switches are shown in Figures 3 and 4. Figure 3 indicates the responses during transient period. The 
desired output voltage is 30V. From the results the four-switch type converter provides faster and 
smoother transient response than the others. Figure 4 shows the responses in steady-state condition. 
The averaged steady-state error for the four-switch type converter is about 0.4V, 0.6V for SEPIC 
converter, and about 0.58V for Zeta converter. The output voltage ripple for the four-switch type 
converter is about 35 mV, 60 mV for the SEPIC converter, and that for Zeta converter is only about 5 
mV. The performance and impact on the design of PV emulator and MPPT system utilizing different 
he discussed buck-boost converter topologies will be explored further in the following sections. 
 
Figure 3. Comparison for transient responses  
 
 
Figure 4. Comparison for steady-state responses 
 
 6 
 
 
4. PV Emulation Model 
 
 A reliable and accurate PV emulation model is necessary for accelerating the development of a 
MPPT system. The PV emulation model has to provide well regulated output voltage and current 
according to the characteristics of the PV model shown in Figure 6. A buck-boost converter based 
dual-mode power regulation system is adopted in this study. Figure 6 depicts the structure of the 
proposed PV emulation model. The model contains buck-boost converter based voltage regulator and 
current regulator. Based on the output current the PV model generates a reference output voltage 
according to the I-V characteristics of the PV model for the voltage regulator to maintain the output 
voltage to conform to the I-V curve of the PV model. Similarly, the current regulator controls the 
output current to fit the I-V characteristics of the PV model. The outputs of the voltage regulator and 
current regulator are connected using ORing diodes as indicated in Figure 6. The regulator with higher 
output voltage supplies the current to the load. The Mode Control function in Figure 6 monitors the PV 
panel output voltage PVV , current PVI , voltage regulator output voltage VRV , and current regulator 
output current CRI  to generate the mode control commands (VR and CR) using the voltage regulation 
threshold voltage VRTV  and current regulation threshold current CRTI . The mode transitions and 
conditions for the mode control proposed in [17] are adapted and implemented using MATLAB 
functions.  
 
 
Figure 6. Block diagram of the dual-mode PV emulation system 
 
 To verify the performance of the buck-boost converter based PV emulation system, a PLECS 
based circuit simulation is developed. The block diagram of the circuit simulation model is shown in 
Figure 7(a). The circuit simulation model contains a PLECS circuit, a MATLAB function based PV 
model and mode control function. Details of the PLECS circuit are depicted in Figure 8. In this circuit 
simulation a resistive load is connected to the PV emulator. The I-V characteristics of the PV panel 
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and its corresponding operating points with different resistive loads are shown in Figure 7(b). As 
indicated in Figure 7(b), the intersection of the I-V characteristic curve of the PV panel and the resistor 
I-V curve is the operating point of the system. The operating point will be varied if the load resistance 
LR  is varied. Different converter topologies (Zeta, SEPIC, and four-switch type) based PV emulator 
with different resistor loads (3 , 4.9 , and 8 ) are tested to investigate the performance of the PV 
emulator. The 4.9  load corresponds to the optimal load condition (in sense of maximum power 
delivered from the PV panel) under this test condition (at o20 C  with 1000 2W/m  irradiation level). 
The voltage and current outputs from PV emulator for different buck-boost converter topologies 
loaded with different resistive load are presented in Figures 9-11. These results indicate that the PV 
emulator using all of the three converters nicely performs the I-V characteristics of the PV model when 
steady state conditions are reached. The results are summarized in Table 2. The results almost perfectly 
match the I-V characteristics and its corresponding operating points for different load conditions are 
indicated in Figure 7(b). If we zoom in the results in Figures 9-11 further in a tiny period we will 
encounter about 0.1% to 0.2% high frequency ripples occur similar to the results in Figure 4 for SEPIC 
and four-switch type converters. This suggests that Zeta topology could be a better choice for this 
particular application. 
 
 
(a) 
 
 
 
 
 
 
(b) 
Figure 7. (a). Block diagram of the circuit simulation for the buck-boost converter based PV emulation 
system. (b). I-V characteristics of the PV panel and its corresponding operating points with different 
resistive loads. 
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Figure 8. PLECS circuit simulation model for PV emulation with resistive load 
 
 
Figure 9. Voltage and current outputs from PV emulator for different buck-boost converter topologies 
loaded with 3 resistor. 
 
Figure 10. Voltage and current outputs from PV emulator for different buck-boost converter topologies 
loaded with 4.9 resistor. 
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Figure 11. Voltage and current outputs from PV emulator for different buck-boost converter topologies 
loaded with 8 resistor. 
 
Table 2. Results of PV emulation with different resistive load 
Converter 
Topology 
Zeta SEPIC Four-Switch Type 
Load 3   4.9   8   3   4.9   8   3   4.9   8   
PVV  (V) 11.361 17.4 19.597 11.36 17.4 19.595 11.36 17.4 19.6 
PVI  (A) 3.787 3.55 2.450 3.787 3.55 2.450 3.787 3.55 2.45 
PVP  (W) 43.024 61.77 48.007 43.020 61.77 47.999 43.020 61.77 48.02 
Settling 
Time (ms) 
28.3 22.0 36.8 65.0 36.0 22.0 26.9 63.5 52.6 
 
5. Buck-Boost Converter Based MPPT System 
 
From the results shown in Table 2 the operating point of the PV panel varies if the load resistance 
varies. Maximum power point may be achieved through proper selection of the load. In most of the 
cases, the load is not likely to be optimal (in sense of maximum power delivered from the PV panel). 
Maximum power from the PV panel may be attained by incorporation of some intelligent mechanism 
to alter the load resistance seen from the PV panel. Power converters are the ones that are widely used 
to adjust the operating condition to reach the maximum power point.  
Figure 12 is the incorporation of a buck-boost converter into a PV system. The load voltage is 
controlled via proper adjustments of the duty ratio of the power switches of the converter. Assuming 
the buck-boost converter is operating in continuous conducting mode with 100% efficiency, the 
relationship of the voltage and current at the load terminal and those at the PV panel at steady-state are 
 
1
o PV
D
V V
D


 ; 
1
o PV
D
I I
D

                                                      (3) 
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From Ohm’s law, the load resistance can be expressed as 
2
1
o PV
L
o PV
V D V
R
I D I
 
   
 
                                                            (4) 
Thus, the equivalent resistance seen from the PV panel, denoted as PVR , is  
2
1PV
PV L
PV
V D
R R
I D
 
   
 
                                                                  (5) 
Equation (5) implies that for a certain load resistance LR  the equivalent resistance PVR only depends 
on the duty ratio of the buck-boost converter. Hence, we may adjust the duty ratio D to achieve 
maximum power transfer from the PV panel through some clever mechanism. Figure 13 shows the 
power characteristics of the PV system and power received at the load terminal with different duty 
ratio for the power switches of the converter. The power developed at the load terminal is 
2
22 2 2
1
1
PV
o PV PV
L
L L L PV
D
V
V V VDD
P
R R D R R
 
 
       
 
                                         (6) 
The intersection of the PV power curve (blue) and the power curve for the load (red) is the operating 
point of the PV system. It is clear that maximum power point may be achieved by proper choice of the 
duty ratio for the power converter. In this study, a fuzzy logic controller is designed to perform the 
MPPT function. 
 
Figure 12. PV system with buck-boost converter incorporated. 
 
Figure 13. Power characteristics of the PV system. 
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6. Fuzzy Logic MPPT Controller 
 
 The fuzzy logic control system is depicted in Figure 14. The input variables of the fuzzy logic 
controller are the slope of the power variation ( )E n  and the change of the slope ( )E n  defined as 
( ) ( 1)
( )
( ) ( 1)PV PV
P n P n
E n
V n V n
 

 
                                                             (7) 
( ) ( ) ( 1)E n E n E n                                                                        (8) 
The output variable of the fuzzy logic is the increment D  of the duty-ratio command for the power 
switches. Based on the characteristics of the PV model and features of the buck-boost converter as 
given in Figure 13, a five-term fuzzy set, Negative Big (NB), Negative Small (NS), Zero (ZE), Positive 
Small (PS), and Positive Big (PB) is defined to describe each linguistic variable. The fuzzy rules for 
this MPPT design are shown in Table 3. Figure 15 describes the membership functions for the input 
and output variables. The fuzzy method used in this buck-boost converter based circuit simulation is 
Mamdani, in which the maximum of minimum composition technique is used for the inference and 
center-of-gravity is used for the defuzzification process.  
 
 
Figure 14. Fuzzy logic controller for the MPPT design. 
 
Table 3. Fuzzy rule table 
NB
NB
NS
NS
PS
PS PB
PB
ZE
ZE
( )E n
( )E n
ZE
PB
PB
PS
PS
PS
PS
PS
ZE
ZE
PS
ZE
ZE
ZE
NS NS
NS
NS
ZE
ZE NS
NS
NB
NB
ZE
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Figure 15. Membership functions for the input and output variables. 
 
 The buck-boost converter used for MPPT function is the SEPIC converter. The Zeta and four-
switch type converter are not considered suitable for MPPT application due to series switching of the 
input current which causes loss of input power. Circuit simulation model for the MPPT system and its 
PLECS circuit are illustrated in Figure 16. Two buck-boost converters are involved in this circuit 
simulation. One is for the PV emulator and another is for the MPPT function. As discussed in the PV 
emulator design, three converters can be chosen for the PV emulation model. Similar to the simulation 
for PV emulation, three different resistive loads (3  , 4.9  , and 8  ) are used to evaluate the 
performance of the fuzzy controller. 
 
Figure 16. Circuit simulation model for buck-boost converter based MPPT system with its PLECS 
circuit. 
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7. Results and Discussions 
  
The voltage and current outputs from the Zeta buck-boost converter based PV emulator for 
SEPIC buck-boost converter MPPT system loaded with different resistive load are presented in Figures 
17-19. Figure 17 shows the results for 3  resistive load. Figure 17(a) represents the power 
characteristics of the PV panel and power curve for different duty ratio. Analytical value of the duty 
ratio for maximum power point is 0.44 for 3 load resistor. The voltage and current from the PV 
emulator are 17.4V and 3.55A respectively. The steady state duty ratio from the fuzzy controller is 
0.4453 (Figure 17 (b)). The results perfectly match the maximum power point as expected. Results for 
4.9  and 8  loads are shown in Figures 18-19. Again, maximum power points are obtained. Similar 
results are achieved for Zeta and SEPIC topologies for the PV emulator. The results for the MPPT 
circuit simulations are summarized in Table 3. As illustrated in Table 3, maximum power points are 
reached almost perfectly for any combination of the power converters and loads discussed in this study.  
 
 
 
Figure 17. Circuit simulation results with 3  load. (a). Power characteristics. (b). Duty ratio 
command. (c). Output voltage from PV emulator. (d). Output current from PV emulator. 
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Figure 18. Circuit simulation results with 4.9  load. (a). Power characteristics. (b). Duty ratio 
command. (c). Output voltage from PV emulator. (d). Output current from PV emulator. 
 
Figure 19. Circuit simulation results with 8  load. (a). Power characteristics. (b). Duty ratio 
command. (c). Output voltage from PV emulator. (d). Output current from PV emulator. 
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Table 3. Summaries of the MPPT circuit simulations results 
Converter 
Combination 
Zeta -- SEPIC SEPIC -- SEPIC Four-Switch -- SEPIC 
Load 3   4.9   8   3   4.9   8   3   4.9   8   
PVV  (V) 17.448 17.434 17.450 17.44 17.43 17.38 17.40 17.435 17.42 
PVI  (A) 3.54 3.54 3.530 3.54 3.54 3.55 3.55 3.54 3.542 
PVP  (W) 61.765 61.71 61.598 61.738 61.702 61.699 61.77 61.72 61.702 
Duty Ratio 0.4428 0.5030 0.5631 0.4428 0.5030 0.5639 0.4435 0.5030 0.5634 
 
8. Conclusion 
 
 This paper presents the development of a circuit simulation model for solar power maximum 
power point tracking (MPPT) evaluation with different buck-boost converter topologies including 
SEPIC, ZETA, and four-switch type buck-boost DC/DC converters. The circuit simulation model 
includes a PV emulator model, a buck-boost converter based MPPT system, and a fuzzy logic MPPT 
controller. A voltage and current controlled dual-mode buck-boost converter based PV emulation 
model is built to emulate the characteristics of the PV panel. The PV emulator is useful for MPPT 
system design. From this study, all of the three buck-boost converters can successfully provide power 
regulation to emulate the I-V characteristics of a PV panel. Among them, the Zeta topology contains 
the least high frequency ripples. The SEPIC topology is used for the MPPT system. Circuit simulations 
for the complete buck-boost converter based MPPT system are successfully verified in 
MATLAB/Simulink PLECS environment. The results show that maximum power points are reached 
almost perfectly for different load conditions. 
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